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Introduction
The myelin sheath is a multilamellar, spirally wrapping exten-
sion of the plasma membrane of oligodendrocytes that is essen-
tial for rapid impulse conduction in the central nervous system. 
This specialized membrane exhibits a unique composition with 
>70% of the dry weight consisting of lipids and the remainder 
being comprised of a restricted set of proteins, of which most are 
exclusively found in myelin (Baumann and Pham-Dinh, 2001; 
Kramer et al., 2001). The major central nervous system myelin 
proteins, the myelin basic protein, and the proteolipid proteins 
(PLPs/DM20) are low molecular weight proteins found in com-
pact myelin that constitute 80% of the total myelin proteins. 
PLP is a highly hydrophobic protein with four transmembrane 
domains that interact with cholesterol and galactosylceramide-
enriched membranes during its biosynthetic transport in oligo-
dendrocytes (Weimbs and Stoffel, 1992; Simons et al., 2000; 
Schneider et al., 2005).
To form the myelin sheath, oligodendrocytes must deliver 
large amounts of myelin membrane to the axons at the appro-
priate developmental stage of the oligodendroglial and neuronal 
cell lineage (Baumann and Pham-Dinh, 2001; Kramer et al., 
2001). On the other hand, axons produce signals that regulate 
the differentiation of oligodendrocytes (Barres and Raff, 1999; 
Fields and Stevens-Graham, 2002). This led us to postulate that 
neuronal signals could be involved in the coordination of the 
traffi  cking of myelin membrane in oligodendrocytes. In this 
study, we show that the transport of PLP in oligodendrocytes 
is under neuronal control. PLP is initially targeted to late endo-
somes/lysosomes (LEs/Ls) by using a cholesterol-dependent 
and clathrin-independent endocytosis pathway. PLP is then 
 redistributed from LEs/Ls to the plasma membrane upon act ivation 
by neuronal cells. We provide evidence that this development-
  dependent regulation of PLP localization occurs by the down-
regulation of endocytosis and by the stimulation of exocytosis 
from LE/L storage sites.
Results
PLP localizes to LEs/Ls 
of immature oligodendrocytes
To analyze the localization of PLP in immature oligodendro-
cytes, oligodendroglial precursor cells growing on top of a layer 
of astrocytes were shaken off and cultured for 3 d to induce the 
expression of PLP. By confocal immunofl  uorescence micros-
copy, extensive colocalization of PLP and Lamp-1, a marker for 
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uring vertebrate brain development, axons are 
enwrapped by myelin, an insulating membrane 
produced by oligodendrocytes. Neuron-derived 
signaling molecules are temporally and spatially required 
to coordinate oligodendrocyte differentiation. In this 
study, we show that neurons regulate myelin membrane 
trafﬁ  cking in oligodendrocytes. In the absence of neurons, 
the major myelin membrane protein, the proteolipid protein 
(PLP), is internalized and stored in late endosomes/lyso-
somes (LEs/Ls) by a cholesterol-dependent and clathrin-
independent endocytosis pathway that requires actin 
and the RhoA guanosine triphosphatase. Upon matura-
tion, the rate of endocytosis is reduced, and a cAMP-
dependent neuronal signal triggers the transport of PLP 
from LEs/Ls to the plasma membrane. These ﬁ  ndings re-
veal a fundamental and novel role of LEs/Ls in oligoden-
drocytes: to store and release PLP in a regulated fashion. 
The release of   myelin membrane from LEs/Ls by neuronal 
signals may represent a mechanism to control myelin 
membrane growth.
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LEs/Ls, was observed (Fig. 1 a) as reported previously (Kramer 
et al., 2001; Simons et al., 2002). The same striking colocaliza-
tion of PLP and Lamp-1 was observed in an immortalized oligo-
dendroglial precursor cell line, Oli-neu. Fusion of either a myc 
tag or EGFP to PLP did not affect the LE/L targeting of PLP 
(Fig. 1 b). To obtain further support for the localization of PLP 
to LEs/Ls in immature cells, we used a spontaneously trans-
formed oligodendroglial precursor cell line, OLN-93. When 
these cells were incubated for 5 h with rhodamine–dextran 
followed by a 2-h chase or were treated with LysoTracker red 
DND-99 to stain for LEs/Ls, colocalization with PLP was ob-
served (Fig. 1 b and not depicted). Staining with fi  lipin revealed 
a partial colocalization of PLP with cholesterol in LEs/Ls (Fig. 1 c). 
To resolve the ultrastructure of the PLP-containing organelles, 
we performed immunoelectron microscopy (Fig. 1 d). Both endo-
genous PLP and PLP-EGFP colocalized with Lamp-1 in vacuo-
lar structures that contained abundant lumenal multilamellar 
and/or multivesicular membrane arrays.
PLP disappears from LEs/Ls when 
oligodendrocytes are cocultured 
with neurons
To determine whether the subcellular localization of PLP is 
infl  uenced by the presence of neuronal cells, oligodendroglial 
progenitor cells were added to a neuronal cell culture. Simi-
lar to the cultures without neurons, oligodendrocytes started to 
Figure 1.  PLP localizes to LEs/Ls of immature oligodendrocytes. (a) Confocal immunoﬂ  uorescence microscopy demonstrates the colocalization of endoge-
nous PLP (red) with Lamp-1 (green) in primary oligodendrocytes grown for 3 d in vitro. The region in the boxed area is shown at higher magniﬁ  cation and 
lower exposure. (b) Top panels show the colocalization of PLP-myc (green) with Lamp-1 (red) in Oli-neu cells, and the bottom panels show the colocalization 
of PLP-EGFP (green) with LysoTracker red in living OLN-93 cells. (c) Filipin staining reveals colocalization of cholesterol (blue) and PLP (red) in OLN-93 cells. 
(a–c) Bars, 5 μm. (d) Immuno-EM double labeling of primary oligodendrocytes (left) and Oli-neu cells (right) with antibodies directed against Lamp-1 (5 nm 
gold) and against PLP, polyclonal P6 (left), or GFP (right; both 10 nm gold) shows the localization of PLP in Lamp-1–containing multivesicular and multi-
lamellar compartments. Bars, 200 nm. 
Figure 2.  PLP disappears from LEs/Ls when oligodendrocytes are cocultured with neurons. (a) Primary oligodendrocytes were grown for 3 or 5 d with or 
without neurons. Confocal microscopy analysis of PLP (red) and Lamp-1 (green) demonstrates a depletion of PLP from LEs/Ls in oligodendrocytes when cul-
tured in the presence of neurons for 5 d. Axons are visualized by βIII-tubulin staining (blue). (b) Oli-neu cells were grown for 2 d with (bottom) or without 
(top) neurons. PLP-EGFP (green) disappears from Lamp-1–containing compartments (red) by 2 d of coculture with neurons. (a and b) The regions in the 
boxed areas are shown at a higher magniﬁ  cation and lower exposure. (c) Surface staining of living cells with O10 mAb at 4°C shows that the majority of 
PLP-EGFP is found at the surface of the cell in a coculturing with neurons. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 (b) and O10 
(c) are shown. Error bars represent SD (n > 30 cells). (a–c) Bars, 5 μm. (d) Immunohistochemistry of brain sections of P7 and P60 adult mice for PLP (red) 
and Lamp-1 (green). Colocalization was observed in sections from P7 but not adult mice. Bars, 10 μm. (e) Oligodendrocytes (for 2 d in culture) grown with 
or without neurons were metabolically labeled with [
35S]methionine/cysteine for 18 h and chased for 2 d (day 5) or not chased (day 3) before performing 
the PLP immunoprecipitations. Quantitative analysis of three independent experiments did not reveal any signiﬁ  cant differences in the amount of labeled 
PLP and its alternatively spliced isoform DM20 (mean ± SD). **, P < 0.001; t test.MYELIN MEMBRANE TRAFFICKING • TRAJKOVIC ET AL. 939JCB • VOLUME 172 • NUMBER 6 • 2006  940
  express PLP during the fi  rst 2 d in culture, and an accumulation 
of PLP in LEs/Ls was observed in  90% of the cells after 3 d in 
culture (Fig. 2 a). However, in marked contrast to cultures with-
out neurons, we observed that PLP disappeared from LEs/Ls 2 d 
later (only  20% of the cells showed an accumulation of PLP 
in LEs/Ls) in the presence of neurons (Fig. 2 a). Also, the stain-
ing of Lamp-1–containing structures decreased in intensity after 
PLP removal. To follow the developmental regulation of PLP 
traffi  cking in Oli-neu cells, we produced PLP-EGFP–stably ex-
pressing cell lines. Fusion of EGFP to PLP did not interfere 
with transport to the cell surface, as indicated by the positive 
staining of transfected Oli-neu cells with O10 mAb. This anti-
body recognizes a conformation-dependent epitope of PLP on 
the surface of living cells (Jung et al., 1996). In addition, trans-
fection of primary myelinating oligodendrocytes confi  rmed 
that PLP-EGFP is transported to myelin (Fig. S1, available at 
http://www.jcb.org/cgi/content/full/jcb.200509022/DC1). When 
PLP-EGFP–expressing Oli-neu cells were added on top of 
a neuronal culture, a dramatic change in the localization of 
PLP was observed (Fig. 2 b). Quantitative analysis showed 
that 71.5% of PLP colocalized with Lamp-1 in Oli-neu cells 
alone, whereas only 11.5% of PLP colocalized with Lamp-1 in 
cells that had been in coculture with neurons for 2 d (Fig. 2 b).
Moreover, surface staining of living cells at 4°C with O10 mAb 
showed that the majority of PLP-EGFP was located at the 
plasma membrane in cells cultured with but not without neu-
rons (Fig. 2 c). To test whether the localization of PLP shows the
same developmental regulation in vivo, we performed immuno-
histochemistry on brain sections of young (postnatal day [P] 7) 
and adult mice (P60). Signifi  cant colocalization of PLP and 
Lamp-1 was only observed in cells of P7 mice but not in sec-
tions prepared from adult mice (Fig. 2 d). Analysis of the sec-
tions indicated that the colocalization of PLP and Lamp-1 was 
increased >20-fold in P7 mice as compared with adult mice. 
Together, our data demonstrate that PLP disappears from LEs/Ls 
upon oligodendroglial maturation and emerges at the surface of 
the oligodendrocyte in a process that is dependent on the pres-
ence of neuronal cells.
There are several possibilities to explain our results. One 
possibility is that less PLP is transported into and/or more PLP 
is transported out of LEs/Ls in the presence of neurons. An al-
ternative explanation is that the degradation of PLP in lysosomes 
  increases during development. To test the latter hypothesis, we 
performed pulse-chase experiments. Primary oligodendrocytes 
Figure 3.  PLP is routed to LEs/Ls by endocytosis. Oli-neu cells were cotransfected with PLP-myc and wild-type or dominant-negative dynamin-II (K44A, 
  dynamin dn), both containing an HA tag, and were stained for Lamp-1 (a) or for surface PLP (b) with O10 mAb (at 4°C on living cells). (a) Quantitative 
analysis of the colocalization of PLP-EGFP with Lamp-1 is shown. (b) Quantitative analysis of the ﬂ  uorescence intensity of O10 signal is shown in arbitrary 
units (a.u.) per cell. (a and b) Values are given as the means ± SD (error bars) of a mean of three independent experiments with >40 (a) or >30 (b) cells. 
**, P < 0.001; t test. Bars, 5 μm.MYELIN MEMBRANE TRAFFICKING • TRAJKOVIC ET AL. 941
Figure 4.  The cholesterol-dependent and clathrin-independent internalization of PLP is reduced after coculturing with neurons. Antibody uptake 
  experiments were performed with the PLP antibody O10 followed by an acidic wash to remove surface-bound antibody. The internalized antibody is 
shown in red. (a) OLN-93 cells were cotransfected with PLP (blue) and with Eps15III∆2 (Eps15 ctrl) or Eps15 E∆95/295 (Eps15 mut; green). Potas-
sium depletion was used as an alternative approach to interfere with clathrin function. Clathrin-mediated transferrin–rhodamine uptake served as a 
control. The amount of inhibition was evaluated by determining the ﬂ  uorescence intensities in comparison with the control conditions. Values are given 
as the mean ± SD (error bars) of a mean of three independent experiments with >50 cells. (b) PLP stained with O10 (red) on the surface of OLN-93 
cells does not show a signiﬁ  cant colocalization with clathrin heavy chain (green). Insets are shown at higher magniﬁ  cation in the right corner of the 
images. (c) OLN-93 cells were transfected with PLP (blue) followed by a 30-min treatment with 1 μM latrunculin to inhibit the polymerization of the ac-
tin cytoskeleton or by a 15-min incubation with 5 mM mβCD to deplete cholesterol before performing the O10 internalization assay. Transferrin–
  rhodamine was used as a control for the cholesterol depletion experiments. Inhibition of the O10 uptake is shown as the mean ± SD of three 
independent experiments with >50 cells. (d) Cells were cotransfected with PLP and with wild type or the respective dominant-negative variants of 
  dynamin-II, RhoA, and cdc42. The inhibition of O10 antibody uptake by the dominant-negative protein is shown in comparison with the respective wild-
type construct as the mean ± SD of three independent experiments with >40 cells. The inhibition of ﬂ  uid phase endocytosis (measured by dextran 
  uptake) served as a positive control for dominant-negative cdc42 (not depicted). (e) OLN-93 cells were transfected with PLP-myc and added on top of 
a neuronal culture or left alone. O10 antibody uptake experiments were performed followed by an acidic wash to remove surface-bound antibody. 
The amount of inhibition is shown for OLN-93 cells cultured with neurons compared with cells cultured without neurons as the mean ± SD of three ex-
periments with >40 cells. (f) The reduction of cell surface PLP was determined after various times in culture with or without neurons. Cell surface PLP 
was labeled with O10 mAb at 4°C, and incubation was continued at 37°C for 0, 45, and 90 min. The amount of cell surface remaining O10 mAb 
was analyzed by incubating cells with [
125I]-labeled secondary antibody at 4°C and subsequent determination of the radioactivity by γ counting. 
Quantiﬁ  cation is shown as the mean ± SD of three experiments. *, P < 0.01; t test. Bars, 5 μm.JCB • VOLUME 172 • NUMBER 6 • 2006  942
(for 2 d in culture) grown with or without neurons were metaboli-
cally labeled with [
35S]methionine/cysteine for 18 h and chased for 
2 d. Hence, the metabolic labeling was performed at the stage of 
development (day 2–3) when PLP accumulates in LEs/Ls. The 
cells were chased up to the developmental stage (day 5) when PLP 
is almost completely removed from LEs/Ls in cells cultured 
with neurons but not in cells cultured without. Nevertheless, we 
did not observe any signifi  cant differences in the amount of la-
beled PLP and its alternatively spliced isoform DM20 (Fig. 2 e).
Thus, differential proteolysis of PLP does not seem to be the un-
derlying reason for the removal of PLP from LEs/Ls. Therefore, 
it is more likely that neuronal signals infl  uence the transport of 
PLP into and/or out of LEs/Ls in oligodendrocytes.
The cholesterol-dependent and 
clathrin-independent internalization of PLP 
is reduced after coculturing with neurons
Next, we determined whether endocytosis accounts for the trans-
port of PLP to LEs/Ls and, if so, how its endocytic traffi  cking 
is regulated. To block endocytosis, we transiently transfected 
Oli-neu cells with a mutant form of dynamin-II that is defec-
tive in GTP binding (K44A; Damke et al., 1994) and PLP-myc. 
We found that dynamin-II (K44A) reduced the colocalization of 
PLP with Lamp-1 and, at the same time, increased the fraction 
of PLP at the cell surface (Fig. 3), suggesting that endocytosis 
is required for the transport of PLP to LEs/Ls. A reduction of 
the intracellular accumulation of PLP was also observed when 
dynamin K44A was expressed in OLN-93 cells (not depicted).
To gain more insight into the endocytosis process of PLP, 
the endocytic uptake of PLP was determined by additional an-
tibody uptake experiments using the O10 mAb. To determine 
whether clathrin function is involved, we either depleted cells 
of potassium to disrupt the formation of clathrin-coated pits 
or used the dominant-negative mutant of Eps15 (E∆95/295; 
  Benmerah et al., 1999). Despite that E∆95/295 and K
+ deple-
tion had no signifi  cant effect on the uptake of O10, it led to the 
reduction of clathrin-mediated transferrin–rhodamine internal-
ization (Fig. 4 a). In addition, intracellular accumulation of PLP 
was not reduced when E∆95/295 was coexpressed in OLN-93 
(not depicted). Furthermore, we did not detect a signifi  cant 
  colocalization of PLP and clathrin on the surface of OLN-93 
(colocalization was  5%; Fig. 4 b) or primary oligodendroglial 
cells (Fig. S2; available at http://www.jcb.org/cgi/content/full/
jcb.200509022/DC1). These results strongly suggest that the 
internalization of PLP occurs by a clathrin-independent endo-
cytosis pathway.
Most clathrin-independent endocytosis pathways are sen-
sitive to cholesterol depletion or actin depolymerization (Parton 
and Richards, 2003). Therefore, we used methyl-β- cyclodextrin 
(mβCD) to selectively extract cholesterol from the cell surface 
and latrunculin A to prevent actin polymerization. Treatments 
with either mβCD or latrunculin A led to an almost complete 
inhibition of O10 uptake (Fig. 4 c). The conditions of the cho-
lesterol depletion experiments were established so that clathrin-
dependent endocytosis was not affected as evaluated by the 
uptake of transferrin–rhodamine. Some clathrin-independent 
endocytosis pathways require dynamin, whereas others are 
  independent of dynamin function (Lamaze et al., 2001; 
Pelkmans et al., 2001; Sabharanjak et al., 2002; Damm et al., 
2005; Kirkham et al., 2005). The uptake of O10 was clearly re-
duced by interfering with dynamin function (Fig. 4 d), which is 
consistent with the redistribution of PLP to the cell surface by 
 dynamin-II (K44A; Fig. 3). Because both cholesterol and dynamin
are essential for caveolar-dependent uptake, we compared the 
localization of PLP to caveolin-1 and GFP-caveolin. Caveolin-1 
and GFP-caveolin were detected in punctate arrays on the 
plasma membrane and on intracellular compartments, but no 
colocalization with PLP was seen (Fig. S2 and not depicted), 
suggesting that caveolae are not involved in the endocytosis of 
PLP. The Rho family of small GTPases differentially regulate 
nonclathrin and noncaveolar endocytosis pathways. Although 
cdc42 is involved in the endocytosis of glycosyl-phosphatidyl-
inositol–anchored proteins by a pinocytic pathway to recycling 
endosomes (Sabharanjak et al., 2002), rhoA has been impli-
cated in the dynamin-dependent uptake of interleukin 2 recep-
tor to LEs/Ls (Lamaze et al., 2001). When O10 uptake 
experiments were performed with dominant-negative mutants 
of either cdc42 or rhoA, we observed a signifi  cant reduction of 
internalization when the function of rhoA but not cdc42 was 
  inhibited (Fig. 4 d). In summary, our results show that OLN-93 
cells use a clathrin-independent but cholesterol-dependent 
  endocytosis pathway that requires a functional actin cytoskeleton 
and the rhoA GTPase.
To test whether the capacity for endocytosis of PLP 
changes after contact with neurons, we added OLN-93 cells to 
neuronal cultures and compared the uptake of O10 into cells 
that were cultured without neurons. We observed a signifi  cant 
reduction in the internalization of PLP in cells in coculture as 
compared with cells cultured without neurons (Fig. 4 e). We 
also analyzed the reduction of cell surface PLP upon various 
times in culture with or without neurons using the O10 mAb 
internalization assay. The amount of O10 mAb remaining at 
the cell surface was analyzed by incubating cells with 
[
125I]-labeled secondary antibody at 4°C. We found that PLP 
was cleared more effi  ciently over time from the surface of 
OLN-93 cells that were cultured without neurons as compared 
with cells in coculture. Together, these results indicate that neu-
rons reduce the endocytosis of PLP (Fig. 4 f).
Neurons trigger the retrograde 
transport of PLP from LEs/Ls 
to the surface of oligodendrocytes
Reduction of endocytosis appears to be one reason why PLP 
disappears from LEs/Ls after contact with neurons. Another 
event that could simultaneously contribute is the increased 
  resorting of PLP to the plasma membrane by retrograde trans-
port from LEs/Ls. There are many examples (e.g., wound heal-
ing, cytotoxic lymphocyte killing, major histocompatibility 
complex [MHC]–II processing, and melanin secretion) that 
show that lysosomes are not merely degradative dead ends but 
are able to store and release proteins in a regulated fashion 
(Blott and Griffi  ths, 2002).
To analyze the putative exocytic traffi  cking of PLP from 
LEs/Ls, we performed live cell imaging experiments with   MYELIN MEMBRANE TRAFFICKING • TRAJKOVIC ET AL. 943
Figure 5.  Neurons trigger the retrograde transport of PLP from LEs/Ls to the surface of oligodendrocytes. (a) Living PLP-EGFP–expressing Oli-neu cells were 
labeled with LysoTracker red and observed by confocal microscopy. Images were collected every  15 s. The image sequences of the boxed areas (a, b, 
and d) are shown. Representative examples of a time stack are shown in the top panels. The images in the bottom panels were obtained by subtracting 
from each image in the top panels. The absence of signal in the subtractions demonstrates the immobility of vesicles. (b) Cells were added onto a neuronal 
culture and imaged  8 h later. The subtractions (bottom) of consecutive frames (top) demonstrate the mobility of PLP and LysoTracker-containing vesicles. 
(c) The mean fraction of mobile vesicles calculated by the subtraction of consecutive frames (mean ± SD [error bars] of 15 cells; 26 consecutive time frames 
were analyzed for each cell). **, P < 0.001; t test. (d) Individual frames from a video of a cell prepared as in b. Images were taken every  15 s. The 
frame sequence illustrates the exit (indicated by arrows) of PLP and LysoTracker-containing vesicles from perinuclear LEs/Ls. (e) The TIRFM image demon-
strates the colocalization of PLP-EGFP and LysoTracker within 100 nm of the plasma membrane in Oli-neu cells in coculture with neurons. (f and g) Exocytic 
fusion of vesicles was visualized by time-lapse TIRFM of Oli-neu cells in coculture with neurons. (f) The vesicles that lost their ﬂ  uorescence during the time of 
observation fell into two groups. An example of vesicles moving in and out of the evanescent ﬁ  eld without fusing is shown in the top panels. Vesicles fusing 
with the plasma membrane are shown in the bottom panels (indicated by arrows) and in g. Increase in brightness, lateral spread, and disappearance of 
  vesicular ﬂ  uorescence indicates fusions. (g) The ﬂ  uorescence intensity changes (in arbitrary units) were determined in a small circle enclosing the vesicle 
(closed symbol) and in a concentric ring around the circle (open symbol). Other examples of fusions are shown as a ﬂ  ash of ﬂ  uorescence (LysoTracker 
channel; Video 3, available at http://www.jcb.org/cgi/content/full/jcb.200509022/DC1). Bars, 5 μm.JCB • VOLUME 172 • NUMBER 6 • 2006  944
  LysoTracker in PLP-EGFP–expressing Oli-neu cells. There 
was an almost complete colocalization of PLP-EGFP and 
 LysoTracker (Fig. 5 a) similar to the observation in OLN-93 cells. 
Analysis of the dynamics of PLP-EGFP/LysoTracker vesicles 
in Oli-neu cells revealed that most vesicles were clustered peri-
nuclearly and did not show any signifi  cant movement (Fig. 5 a 
and Video 1, available at http://www.jcb.org/cgi/content/full/
jcb.200509022/DC1). Next, we investigated whether the move-
ment of the vesicles changes as a result of the presence of neu-
rons. When live cell imaging experiments were performed shortly 
(6–12 h) after the addition of Oli-neu cells to neuronal cultures, 
an extensive colocalization of PLP-EGFP and LysoTracker 
(Fig. 5 b) was still observed. However, the movement of these 
vesicles was markedly increased. Two pools of vesicles could 
be distinguished: a perinuclear, immobile pool and a periph-
eral pool of highly mobile vesicles (Fig. 5 b and Video 2). 
Both pools of vesicles colocalized with Lamp-1. Quantitative 
analysis revealed that  29% of the vesicles were mobile and 
exhibited a mean speed of  0.56 μm/s (Fig. 5 c). The pool of 
perinuclear vesicles not only decreased in size (Fig. 2), but the 
individual vesicles also became smaller with increasing time in 
coculture ( 33% decrease after 16 h of coculture; reduction 
from 0.96 ± 0.2 μm to 0.63 ± 0.19 μm; n = 96). In several 
cases, PLP-EGFP and LysoTracker-fi   lled vesicles emanated 
from larger perinuclear vesicles and moved radially toward the 
plasma membrane at the cell periphery (Fig. 5 d).
To analyze the behavior of the peripheral vesicle pool, we 
used total internal refl  ection fl  uorescence microscopy (TIRFM). 
TIRFM allows the selective illumination of a region within 
a 70–120-nm distance of the plasma membrane as the excitatory 
evanescent fi  eld decays exponentially from the interface of the 
cell membrane with the coverslip. We observed PLP-EGFP and 
LysoTracker-containing vesicles within the 100-nm vicinity of 
the plasma membrane in living Oli-neu cells that were cocultured 
with neurons (Fig. 5 e). In contrast, no PLP-EGFP and  LysoTracker-
containing vesicles were observed in the proximity of the plasma 
membrane when cells were cultured without neurons.
To determine whether the acidic vesicles fuse with the 
plasma membrane, we used time-lapse TIRFM imaging. The 
cells we studied contained 6 ± 2.4 vesicles per 100-μm
2 area of 
the plasma membrane. The vesicles that lost their fl  uorescence 
during the time of observation fell into two groups. We found 
vesicles moving in and out of the evanescent fi  eld without fus-
ing and vesicles fusing with the plasma membrane (Fig. 5 f, 
top). Fusion was defi  ned by the loss of vesicular fl  uorescence 
and the concurrent lateral spread of the released dye into the 
medium (Fig. 5 g). We detected one to two fusion events/minute 
per cell at the plasma membrane. When Oli-neu cells were cul-
tured without neurons, we did not observe any fusions in agree-
ment with the absence of PLP-EGFP and LysoTracker-containing 
vesicles at the plasma membrane.
A cAMP-dependent neuronal signal 
regulates the trafﬁ  cking of PLP
Because the redistribution of PLP from LEs/Ls to the surface of 
the plasma membrane was only observed in Oli-neu cells grown 
in the presence of neurons, neuronal signals are likely to acti-
vate this pathway. We wanted to determine whether this neuro-
nal signaling is transferred as a soluble factor or is a consequence 
of direct cell-to-cell contact. Oli-neu cells were either directly 
added on top of a neuronal culture or placed on a separate cov-
erslip to prevent cell contact, allowing diffusible factors to reach 
the cells. We found that diffusible factors were suffi  cient to re-
distribute PLP from LEs/Ls to the surface of the cell (Fig. 6). 
Figure 6.  A soluble factor is sufﬁ  cient for redistributing PLP from LEs/Ls to the cell surface. Oli-neu cells expressing PLP-EGFP were added to a neuronal cul-
ture on a separate coverslip to prevent cell contact allowing diffusible factors to reach the cells. After 1 d, cells were stained for Lamp-1 (a) or for surface 
PLP with O10 mAb (b) on living cells at 4°C. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 and O10 are shown. Error bars represent 
SD (n > 60 cells). **, P < 0.001; t test. Bars, 5 μm.MYELIN MEMBRANE TRAFFICKING • TRAJKOVIC ET AL. 945
To analyze the signals involved, we treated Oli-neu cells 
cultured in the presence of neurons with various pharma-
cological kinase inhibitors. Colocalization of PLP-EGFP and 
Lamp-1 increased markedly when cocultures were treated for 
1 d with Rp-cAMPs to inhibit protein kinase A (Fig. 7 A). In 
contrast, treatment of cocultures with db-cAMP, a protein 
  kinase A agonist, promoted the localization of PLP to the 
plasma membrane (Fig. 7 A). Quantitative analysis of time-
course experiments showed that db-cAMP accelerated the 
  redistribution of PLP to the surface of the cell (Fig. 7 B). To test 
whether similar effects were observed in Oli-neu cells cultured 
without neurons, we treated Oli-neu cells for 1 d with db-cAMP 
Figure 7.  A cAMP-dependent neuronal signal regulates the release of PLP from LEs/Ls in Oli-neu cells. (a) Oli-neu cells were cocultured with neurons 
for 1 d in the presence or absence of 100 μM Rp-cAMPs or 1 mM db-cAMP. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 is 
shown as the mean ± SD of >30 cells. (b) Time-course experiments demonstrate that treatment of Oli-neu cells in the presence of neurons with 1 mM 
db-cAMP accelerates the removal of PLP-EGFP from Lamp-1–positive compartments. The quantitative analysis of one representative experiment (out of 
three independent experiments) is shown. Analysis was performed by classifying cells into two categories according to the extent of the colocalization of 
PLP-EGFP with Lamp-1. (c and d) Oli-neu cells were grown without neurons and treated with 1 mM db-cAMP for 1 d and stained for Lamp-1 (c) or for 
  surface-PLP with O10 mAb (d) on living cells at 4°C. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 and O10 are shown. Error 
bars represent SD (n = 30 cells). (e) Oli-neu cells grown without neurons were treated for 1 d with 1 mM db-cAMP and imaged as in Fig. 5 a. An image 
sequence of the boxed area is shown. The images in the bottom panels represent subtractions of the consecutive frames in the top panels. The analysis 
demonstrates a signiﬁ  cant increase in the mobility of PLP and LysoTracker-containing vesicles by treatment with db-cAMP as compared with the control 
condition. **, P < 0.001; t test. Bars, 5 μm.JCB • VOLUME 172 • NUMBER 6 • 2006  946
and quantifi  ed the amount of PLP-EGFP in LEs/Ls and on the 
surface of the cell. In cells treated with db-cAMP, more PLP 
was found on the surface of the cell, whereas, at the same 
time, the fraction within LEs/Ls decreased (Fig. 7, C and D). 
  Furthermore, a peripheral pool of highly mobile PLP-EGFP/ 
LysoTracker-containing vesicles was observed by live cell 
imaging (Fig. 7 E). These data suggest that cAMP-dependent 
signaling is part of the developmental switch that is triggered 
by neurons, leading to the redistribution of PLP from LEs/Ls to 
the surface of the plasma membrane.
Discussion
Our data demonstrate that the traffi  cking of PLP in oligodendro-
cytes is under neuronal control. PLP is initially targeted to LEs/Ls 
by using a cholesterol-dependent and clathrin-independent 
  endocytosis pathway. The situation changes dramatically upon 
receiving maturation signals from neurons. PLP is then redis-
tributed from LEs/Ls to the plasma membrane. We provide evi-
dence that the developmental regulation of PLP localization 
occurs by the down-regulation of endocytosis and by the trans-
port from LEs/Ls to the cell surface.
The regulation of the transport of PLP is strikingly similar 
to the traffi  cking of MHC-II in dendritic cells (Mellman and 
Steinman, 2001). Immature dendritic cells have a high rate of 
endocytosis and target MHC-II to lysosomes (Pierre et al., 1997). 
After exposure to infl  ammatory mediators, the endocytosis of 
MHC-II is reduced, and the transport of MHC-II from lyso-
somes to the cell surface is triggered (Kleijmeer et al., 2001; 
Boes et al., 2002; Chow et al., 2002). The transport pathway of 
PLP from LEs/Ls can also be related to the release of secretory 
lysosomes from hematopoietic cells. However, unlike the 
classic secretory lysosomes that are specialized to release lumi-
nal content, oligodendrocytes mainly transport membrane, 
and this may occur without signifi  cant extracellular release of 
lysosomal content, as is the case for dendritic cells (Kleijmeer 
et al., 2001; Trombetta et al., 2003). For oligodendrocytes, LE/L 
compartments may be particularly useful as storage compart-
ments, as they are able to harbor large amounts of membrane in 
a multilamellar and multivesicular fashion for myelin biogenesis. 
In most cells, however, the majority of molecules that localizes 
to internal vesicles of the endosomal system are destined for ly-
sosomal degradation. This raises the question of how PLP sur-
vives in an environment where protein degradation usually 
occurs. One possibility is that immature oligodendrocytes have 
specialized LEs/Ls with low proteolytic capacity. Our unpub-
lished observation that the vesicular stomatitis virus glycopro-
tein accumulates undegraded in LEs/Ls of Oli-neu cells supports 
this notion. In dendritic cells, for example, lysosomal proteoly-
sis is regulated in a developmentally linked fashion (Trombetta 
et al., 2003; Delamarre et al., 2005). Another possibility is that 
PLP is poorly degradable and, therefore, accumulates within 
LEs/Ls. A second issue is how PLP escapes from a com partment 
associated with the limited capacity for membrane   recycling. 
Previous work has provided evidence that not all intralumenal 
membranes of LEs/Ls are destined for lysosomal degradation. 
It has been suggested that some vesicles may undergo back 
  fusion with the limiting membrane, and, in some instances, this 
membrane is sorted via tubulovesicles to the plasma membrane 
(Kleijmeer et al., 2001; Boes et al., 2002; Chow et al., 2002; 
Abrami et al., 2004; Le Blanc et al., 2005). Whether PLP is 
sorted by back fusion and tubules to the surface of oligodendro-
cytes are issues that have to be addressed in future studies. It is 
important to note that the accumulation of PLP at the surface of 
the plasma membrane after the receipt of maturation signals 
most likely refl  ects the contribution of multiple factors. Our 
fi  nding that the endocytosis of PLP is reduced after receiving 
signals from neuronal cells suggests that the regulation of 
  endocytosis may play an essential role in this process. It will 
be   interesting to elucidate the molecular mechanisms of how 
  neurons control the rate of endocytosis in oligodendrocytes. 
One attractive possibility is that the endocytic activity is 
  controlled by the RhoA GTPase.
Importantly, not all myelin components were found to be 
internalized into LEs/Ls. Although PLP and cholesterol re-
sided in LEs/Ls, myelin basic protein and galactosylceramide 
were mainly found in or at the plasma membrane (unpublished 
data). The differential compartmentalization of myelin com-
ponents before the onset of myelination might be a mecha-
nism to prevent premature and inappropriate assembly. Our 
results suggest that an external soluble factor regulates myelin 
membrane assembly by controlling the traffi  cking of PLP to 
and from the surface of the cell. Among the many potential 
candidates are soluble mediators such as neurotrophins, neu-
regulin, or adenosine that can now be tested with the described 
experimental system (Barres and Raff, 1999; Fields and Stevens-
Graham, 2002).
Together, our fi  ndings reveal an unexpected and novel role 
of LEs/Ls in oligodendrocytes. It provides a striking example of 
how cell-to-cell communication regulates traffi  cking to and from 
a cellular compartment to guide the development of a multicel-
lular tissue. The proposed role of LEs/Ls in myelin biogenesis 
may help to explain the cellular mechanisms of dysmyelination 
that is observed in many lysosomal storage diseases.
Materials and methods
Antibodies, plasmids, and other reagents
The mutant and wild-type cDNAs of GFP-Eps15 and GFP–dynamin-II were 
provided by A. Benmerah (Institut Pasteur, Paris, France) and S. Schmid 
(Scripps Research Institute, La Jolla, CA), respectively. The following pri-
mary antibodies were used: myelin basic protein (monoclonal IgG; 
  Sternberger, Inc.), PLP (polyclonal, P6; Linington and Waehneldt, 1990), 
O10 (monoclonal mouse IgM), βIII-tubulin (Promega), neuroﬁ  lament 
(monoclonal IgM; Qbiogene), τ (polyclonal; DakoCytomation), myc tag 
(monoclonal IgG; Cell Signaling), clathrin heavy chain (monoclonal IgG; 
BD Transduction Laboratories), GFP (Synaptic Systems GmbH), caveolin-1 
(monoclonal IgM; BD Biosciences), and Lamp-1 (CD107a, rat monoclonal; 
BD Biosciences). Secondary antibodies were obtained from Dianova and 
GE Healthcare.
Cell culture, cloning, and transfections
Primary cultures of mouse oligodendrocytes were prepared as described 
previously (Simons et al., 2000). After shaking, cells were plated in 
MEM containing B27 supplement, 1% horse serum, L-thyroxine, tri-iodo-
  thyronine, glucose, glutamine, gentamycine, pyruvate, and bicarbonate on 
poly-L-lysine–coated dishes or glass coverslips. Cocultures of neurons and 
oligodendrocytes were produced by preparing mixed brain cultures from 
16-d-old fetal mice that were cultivated for 2 wk, to which the primary oligo-
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prepared at a density of  50,000 cells/cm
2. Cocultures without direct 
neuron–glia contact were prepared by growing neuronal cultures on glass 
coverslips, which were placed upside down on a metal ring positioned in 
a culture dish. Oligodendrocytes were added on an additional coverslip 
facing upwards. The oligodendroglial precursor cell line, Oli-neu (provided 
by J. Trotter, University of Mainz, Mainz, Germany), and OLN-93 cells 
(provided by C. Richter-Landsberg, University of Oldenburg, Oldenburg, 
Germany) were cultured as described previously (Jung et al., 1995; Richter-
Landsberg and Heinrich, 1996). Transient transfections were performed 
  using FuGENE transfection reagent (Roche) according to the manufacturer’s 
protocol. PLP-EGFP was generated by fusing EGFP to the COOH terminus 
of PLP by gene fusion PCR. The fusion product was cloned into pEGFPN1 
vector using the EcoRI–NotI site. Stable cell lines were obtained by the 
  cotransfection of PLP-EGFPNI and pMSCV-hygro (CLONTECH Laboratories, 
Inc.) followed by the selection of clones by incubation with hygromycin.
Immunoﬂ  uorescence and endocytosis assays
Immunoﬂ   uorescence and immunohistochemistry were performed as de-
scribed previously (Simons et al., 2002). For assaying endocytosis, living 
cells were incubated with O10 antibody in medium for 30 min at 4°C, 
washed, and incubated in medium at 37°C for 60 min. The antibody re-
maining on the surface was removed under low pH conditions in 0.2 M 
glycine and 0.5 M NaCl, pH 4.5, for 30 min at 4°C. Cells were washed 
three times in PBS, ﬁ  xed, and stained by immunoﬂ  uorescence. Addition-
ally, OLN-93 cells were transiently transfected with PLP and added on a 
neuronal culture or left alone. Cells were incubated at 4°C for 30 min with 
O10 antibody in binding medium consisting of HBSS and 10 mM Hepes 
supplemented with 0.2% BSA 16 h after transfection. After washing, O10 
internalization was allowed to continue for 0, 45, and 90 min. O10 anti-
body remaining at the cell surface was detected with 5–20 μCi/μg 
[
125I]-labeled mouse secondary antibody in binding medium for 30 min at 
4°C. Next, the cells were washed ﬁ  ve times, lysed in 0.2 M NaOH, and 
the amount of radioactivity was determined by γ counting.
Microscopy and analysis
Fluorescence images were acquired on a microscope (DMRXA; Leica) or 
a confocal microscope (LSM 510; Carl Zeiss MicroImaging, Inc.) with 
a 63× oil plan-Apochromat objective (NA 1.4; Carl Zeiss MicroImaging, 
Inc.). For live cell imaging, coverslips containing the cells were mounted in 
a live cell imaging chamber and observed in low ﬂ  uorescence imaging 
medium (HBSS, 10 mM Hepes, and 1% horse serum, pH 7.4) at 37°C. 
Temperature was controlled by means of a digital system (Tempcontrol 
37-2; PeCon) or a custom-built perfusion system. Time-lapse imaging was 
performed on a confocal laser scanning microscope (LSM 510; Carl 
Zeiss MicroImaging, Inc.). Images were acquired at  15-s intervals for the 
indicated time periods using sequential line excitation at 488 and 543 nm 
and appropriate band pass emission ﬁ  lters.
Image processing and analysis were performed using Meta Imaging 
Series 6.1 software (Universal Imaging Corp.). Quantiﬁ  cation of colocaliza-
tion was performed with the colocalization module of the software. Vesicle 
movement was analyzed by subtracting from each image in a time stack 
preceding its image. The different image stack thus generated was used to 
identify vesicle motility events. The velocity of individual vesicles was deter-
mined using the Manual Tracking plug-in for ImageJ software (National 
Institutes of Health). Statistical differences were determined with a t test. 
TIRFM was performed on a custom-built prism-based evanescent ﬁ  eld mi-
croscope using an HCX Apo L 63× water immersion objective (NA 0.90; 
Leica; Oheim et al., 1998). Evanescent ﬁ  eld excitation was obtained by 
focusing 488- and 568-nm laser light onto a hemicylindrical prism at 
68 and 71° incidence angles, respectively, leading to a ﬁ  eld depth of 
 80–100 nm. Images were acquired with a back-illuminated 16-bit CCD 
camera (Cascade 512B; Roper Scientiﬁ  c) with on-chip charge multiplica-
tion. Each pixel corresponded to 0.25 μm in the specimen plane. For anal-
ysis of individual fusion events, a small circle was positioned on the 
vesicular ﬂ  uorescence, a concentric ring was placed around the circle, and 
ﬂ  uorescence intensity was plotted against time. Fusion events were identi-
ﬁ  ed by the increase of ﬂ  uorescence in the central region that spread into the 
surrounding annulus followed by a sudden decline (Schmoranzer et al., 
2000; Zenisek et al., 2000; Becherer et al., 2003; Bezzi et al., 2004). 
Immuno-EM was performed as described previously (Wenzel et al., 2005).
Metabolic labeling and immunoprecipitations
For metabolic labeling, cells were pulsed with 265 μCi [
35S]methionine 
(1 Ci = 37 GBq; GE Healthcare) in methionine and cysteine-free DME for 
18 h, and chase was performed for 0 or 48 h. Immunoprecipitation was 
performed as described previously (Simons et al., 2000). Autoradiographs 
were scanned and quantiﬁ   ed with ScionImage software (Scion Corp.). 
Values are shown as means ± SD. Statistical differences were determined 
with a t test.
Online supplemental material
Fig. S1 shows that EGFP-tagged PLP is sorted to myelin. Fig. S2 shows the 
absence of PLP colocalization with clathrin heavy chain or caveolin-1. Video 1 
shows the movement of LEs/Ls in Oli-neu cells, whereas Video 2 shows this 
in Oli-neu cells cultured with neurons. Video 3 shows the fusion of vesicles 
with the plasma membrane. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200509022/DC1.
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